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ABSTRACT 


Recent years have witnessed an increase in the quantity of waste glass (WG) across the globe. Replacing the fine 
aggregate with WG is one of the steps toward preserving the natural resources of the environment and creating 
low-cost concrete. The present study is concerned with replacing fine aggregates with glass powder (GP) at (0%, 
15%, 30%, and 50%). It has studied the fresh and hardened properties (compressive strength, tensile strength, 
hardened density, and slump) for all the mentioned percent replacements. The findings have shown that all mix- 
tures containing GP gave acceptable slump results within the design limits (2-5 cm) according to ACI standard 
211.1. It has been observed that increasing the proportion of GP led to a decrease in the weight of concrete. Lastly, 
replacing GP with sand by 30% has led to an increase in the compressive strength by about 2.4% and 12.45%, and 
the tensile strength by about 2.5% and 26.54% at 7- and 28-d, respectively in comparison to normal concrete. 
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1 Introduction 


Concrete is the most commonly used commercially produced building material, and its popularity is 
expanding rapidly day by day [1-3]. The most important constituent materials used in the manufacture of 
concrete are cement and aggregate [4—6]. These are essential materials for the construction field [7—10]. 


The quantity of waste glass (WG) produced has gradually redoubled in recent years due to the increasing 
demand for glass products such as packaging or container glass, bulb glass, and flat glass. The majority of 
WG has a limited life and has been dropped in lowland areas; it must be reused to minimize environmental 
concerns because it is not biodegradable [11-13]. Recycling and reducing waste are key parts of a 
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waste-management system since they contribute to conserving natural resources, reducing requests for waste 
landfill space, and reducing pollution of water and air [14]. 


Various unique properties of natural glass such as the silicate nature of glass, non-water absorbing, high 
hardness, and high resistance against corrosion and heat encouraged different researchers to use glass in the 
concrete mixture and study its effect on the properties of concrete [11—13]. Various studies have verified the 
partial replacement of glass powder as a partial substitute for fine aggregates in concrete. Ling et al. [15] 
investigated the effects of recycled glass cullet as a partial substitute for river sand at 10%, 20%, and 
30% on the slump, tensile strength, compressive strength, static modulus of elasticity, and density of self- 
compact concrete (SCC) and found a direct proportion between the results of the slump and the 
replacement ratios, while a clear decrease in the other mechanical characteristics of (SCC) mixes as the 
glass aggregate content increased [16—18]. Shekhawat et al. [16] used four different percentages (10%, 
20%, 30%, and 40%) of glass waste as a partial substitute for fine aggregate in ordinary concrete (M-25) 
to study the hardened properties such as compressive strength, tensile strength, and density in addition to 
a slump. The highest results for slump were recorded by replacing sand by 40% with WG, while for the 
other characteristics, it was noted that there was an increase in compressive strength up to 30% 
replacement of fine aggregates by WG, and splitting tensile strength decreased with increasing waste 
glass content [19,20]. Arivalagan et al. [19] verified the effect of glass dust (GD) on some properties of 
concrete such as compressive strength, tensile strength, and flexural strength by replacing fine aggregates 
with GD at (10%, 20%, and 30%). They found a significant decrease in a slump was reached with an 
increase in the replacement ratio of GD. In comparison, the compression resistance increased up to 20% 
replacement level, as well as the tensile strength and flexural strength, which started decreasing after 20% 
replacement of GD by fine aggregate. They studied the effects of the partial replacement of glass powder 
with fine aggregates (10%, 20%, 30%, and 40%) on the compressive strength, tensile strength, and 
workability of concrete. Kassed et al. [20] studied the effects of the partial replacement of glass powder 
with fine aggregates at various rates (10%, 20%, 30%, and 40%) on the compressive strength, tensile 
strength, and workability of concrete. A clear decrease was found in the results of the slump when 
increasing the percentage of glass powder in the mixture. The compressive strength was increased for 
10% replacement, after which it began to decrease gradually by increasing the percentage of glass 
powder content. The tensile strength decreased significantly when adding glass powder compared to the 
reference concrete mix. The main goal of the current study is to check the properties of normal concrete 
(30-M) (compressive strength, tensile strength, density, and slump) by recycling glass waste at rates of 
15%, 30%, and 50% as a partial replacement for fine aggregate. 


2 Experimental Program 
2.1 Materials 


2.1.1 Cement 
Ordinary Portland cement, type I, known commercially as Krista, conforms to Iraqi specifications 
No. 5/1984 [21]. It was used during the current study and its properties are shown in Table | and Fig. 1. 


Table 1: Characteristics of cement 


Chemical characteristics 


Oxides composition Content (%) Iraqi specification No. 5/1984 
SiO2 21.44 — 
CaO 61.2 — 
Fe203 3.68 — 


(Continued) 
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Table 1 (continued) 


Chemical characteristics 


Oxides composition Content (%) Iraqi specification No. 5/1984 

Al,O3 4.5 — 

SO; 2.7 <2.80 

MgO 2.31 <5.00 

Insoluble residue 1.18 <1.50 

LOL 2.39 <4.00 

Lime Saturation Factor, L.S.F. 0.87 0.66-1.02 

Main compounds 

C38 42.83 — 

CS 29.4 — 

C3A 5.73 >5.00 

C4AF 11.19 — 

Physical characteristics 

Characteristics Test Limits of Iraqi specification 
findings No. 5/1984 

Specific surface area (Blaine method), m7/kg 405 >230 

Setting time (Vicat apparatus), The initial setting, 2:45 >00:45 

hr:min 

The final setting, hr:min 4:45 <10:00 

Compressive strength, MPa 24.4 >15.00 

3-d 32.3 >23.00 

7-d 

Soundness (Autoclave method), % 0.35 <0.8 


y 
Ta ANE 
t 


Figure 1: Ordinary portland cement 
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2.1.2 Water 
Drinkable water was used for mixing and curing concrete. According to the ASTM standard 
specification [22], it was clean and free of harmful amounts of oil, organic materials, and other bad things. 


2.1.3 Coarse Aggregate 

The coarse aggregate used for making normal concrete was natural aggregate with a 20 mm maximum 
particle size. Fig. 2, Tables 2 and 3 show the grading of this type of aggregate and the physical characteristics, 
respectively. Findings showed that the physical characteristics and the coarse aggregate grading were within 
the requirements of the Iraqi specifications (1.Q.S No. 45, 1984) [23]. 


pee note S; 
kK A 


Figure 2: Natural coarse aggregate 


Table 2: Grading of coarse aggregate 


Sieve size (mm) Passing (%) Iraqi specification No. 45/1984 


12.5 99.138 90-100 
10 67.495 50-85 
4.75 1.684 0-10 
Pan 0 - 


Table 3: Physical characteristics of coarse aggregate 


Physical characteristics Test result Limit of Iraqi specification No. 45/1984 


Specific gravity 2.60 - 
Sulfate content 0.08% 0.1% (max) 
Absorption 0.70% - 


2.1.4 Fine Aggregate 
The fine aggregate used in the making of normal concrete was natural sand (Al-Ukhaider). The sand was 
free from clay and other impurities. Fig. 3a shows the preparation of natural sand to dry before use; Fig. 3b 
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shows the preparation of sand for the sieve analysis test; Table 4 and Fig. 5 show the sieve analysis of the 
used sand, which complied with the requirements of Iraqi specification (I.Q.S No. 45, 1984) [23]. 


—®—Gradation of GP =—@®— Gradation of fine aggregate 


Passing (%) 


0 2 4 6 8 10 12 
Sieve size (mm) 


Figure 5: Gradation of GP and fine aggregate 
2.1.5 WG Powder 


Typically, glass is made using sand, lime, and soda. The glass used in light bulbs, cookware, and 
windowpanes is not recyclable due to unique additions such as ceramics and other contaminants. Table 5 
shows the chemical properties of the glass powder (GP) that was used in this study. 
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Table 4: Sieve analysis of fine aggregate 


Sieve size (mm) 


Passing (%) 


Iraqi specification No. 45/1984 


10 
4.75 
2.36 
1.18 
0.6 
0.3 
0.15 


Pan 


100 
94.526 
75.65 
63.968 
45.382 
9.46 
0.211 
0 


100 
90-100 
75-100 
55-90 
35-59 
8-30 
0-10 


Table 5: Chemical characteristics of GP 


Composition Value 
SiO2 64.3 
Al,O3 3 
CaO 18.2 
Fe,03 - 

SO; - 
MgO - 
NaO 13 
K,O 1.7 


In the current study, the glass was broken as in Fig. 4a and then crushed into very small particles (GP) as 
shown in Fig. 4b to use it as a partial substitute in different proportions from sand in normal concrete. Table 6 
and Fig. 5 show the sieve analysis of GP. 


Table 6: Sieve analysis of GP 


Sieve size (mm) Passing (%) 


Iraqi specification No. 45/1984 [23] 


10 
4.75 
2.36 
1.18 
0.6 
0.3 
0.15 


Pan 


100 
94.939 
77.328 
57.834 
35.818 
21.66 
9.931 
0 


100 
90-100 
75-100 
55-90 
35-59 
8-30 
0-10 
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2.2 Concrete Mix Design 

Normal concrete mixes were designed according to ACI-211. The concrete mix was designed with a 
slump of 20-50 mm and a 28-d cube compressive strength of 30 MPa in mind. The use of different ratios 
of GP (15%, 30%, 50%) as a partial substitute for fine aggregate. Mix details of normal concrete are 
given in Table 7. 


Table 7: Concrete mix design 


Mix code Cement (kg/m*) Sand (kg/m?) Gravel (kg/m?) Water (kg/m?) GP (%) 


NC 0 GP 336.36 841.64 992 185 0 

NC 15 GP 336.36 715.39 992 185 15 
NC 30 GP 336.36 589.15 992 185 30 
NC 50 GP 336.36 420.82 992 185 50 


2.3 Concrete Mixing Procedure 

Cement, fine and coarse aggregates were prepared and stored in the same condition as in the laboratory 
for their use in normal concrete production. The WG was broken and collected in a carton box and then 
crushed by a grinding machine shown in Fig. 6 to turn it into a powder with small particles 
approximately equal to those of sand. 


Figure 6: Grinding machine 


In the mixer, the batch GP, coarse aggregate, and fine aggregate were mixed for 60 s. The cement was 
then added and mixed for 30 s until all materials were overlapping. Water is added gradually as the mixing 
process continues for two minutes until a homogenous mix is obtained. The procedure of the mixing process 
is shown in Fig. 7. 


2.4 Casting of Specimens 

Cube-shaped molds with dimensions of 15 x 15 x 15cm, 10 x 10 x 10cm, and cylinders with 
dimensions of 15 x 30cm were used to test the compressive strength, hardened density, and tensile 
strength, respectively. After the mixing process was completed, the inside surfaces of molds were coated 
with a thin layer of oil for easy de-molding, and then concrete was poured with the use of a vibrating 
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machine (Fig. 8) to prevent any segregation of the concrete components after hardening. Then the surface of 
the samples is leveled using a trowel (Fig. 9). The molds were opened after 24 h of casting, and the specimens 
were placed in curing pools at a laboratory temperature of 25.2°C (Fig. 10). 


Figure 8: Using the vibrator machine during casting the specimens 
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Figure 10: Curing of normal concrete specimens 


3 Experimental Tests 


3.1 Slump Test 

This test technique conforms to ASTM C143 [24] standards. As shown in Fig. 11, the vertical distance 
between the original and displaced location of the center of the concrete’s top surface is measured and 
reported as the concrete’s slump. 


3.2 Compression Test 

The compressive strength of normal concrete is a significant property because it indirectly provides other 
mechanical characteristics such as flexural strength, tensile splitting strength, and elasticity modulus. The 
compression test is done as shown in Fig. 12 according to ACI 318. And by using the following equation: 


Cylinder compressive strength = 0.83 x cube compressive strength (1) 
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Figure 12: Compressive strength test 


3.3 Splitting Tensile Strength Test 

This test is a method to measure the tensile strength of concrete by the application of a diametric 
compressive force on a cylindrical concrete specimen placed with its axis horizontal between the plates of 
a testing machine according to ASTM C496 [25], as shown in Fig. 13. The following equation was used 
to figure out the splitting tensile strength of all tested samples: 


(2) 


where: 
Jat is the concrete splitting tensile strength (MPa), 
P: is the maximum load applied by the testing machine (N), 
L: the cylinder length (mm), and d is the cylinder diameter (mm). 


3.4 Hardened Density 

To study the effect of GP on the density of hardened concrete at 7- and 28-d, cubes with dimensions of 
10 x 10 x 10 cm were cast, and after the end of the prescribed curing period, the cube was weighed on a 
sensitive scale as shown in Fig. 14. The density is then found by dividing the weight by the cube’s 
volume, as shown in the following equation: 
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M 
a 3 
=] (3) 
where: 


M = Mass of hardened concrete (Kg) 
V = Volume of the concrete cube (m°) 
p = Unit weight of hardened concrete (Kg/m°) 


Figure 13: Splitting tensile strength test 


Figure 14: Hardened density test 


4 Findings and Discussions 


4.1 Findings of Slump Test 
The most common method for testing the workability of concrete is the slump test, which can be 
conducted in the laboratory or on-site. It is not good for extremely wet or extremely dry concrete. After 


assessing the workability of concrete prepared using WG powder at various degrees of substitution, it 
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was found that all mixes containing GP had acceptable slump measurements within the design limitations 
(20-50 mm) specified by ACI 211, as seen in Table 8, Figs. 15 and 16. There is a slight increase in the 
slump when the content of glass powder increases because glass is a solid material and therefore does not 
absorb water, unlike fine aggregates, and that leads to improving the workability of concrete. 


Table 8: Findings of slump test 


Mix code Findings of slump test 
NC 0 GP 20 mm 
NC 15 GP 30 cm 
NC 30 GP 35 mm 
NC 50 GP 50 mm 


a. NC 0GP b. NC 15GP c. NC 30GP d. NC50GP 


Figure 15: Slump cone test 
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NC 0GP NC 15GP NC 30GP NC 50GP 


Glass Powder Content 


Figure 16: Slump cone test results after 150 s 


4.2 Findings of Compressive Strength 

As an indication of the other mechanical characteristics, compressive strength is the most significant 
characteristic. Where the other criteria were typically well-correlated with compressive strength. Fig. 17 
shows how different GP ratios change compression at 7- and 28-d. 
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m=NCOGP mNC15GP =sNC30GP sNC 50GP 


34.59 


30.76 


T 
x 
A 


Results of compressive strength at Results of compressive strength at 
7-days 28-days 


26.03 
18.87 
26.66 
21.41 
29.48 


Compressive Strength (Mpa) 


Figure 17: Findings of compressive strength 


The findings showed that the best proportion of replacing sand with GP was 30%, which increased the 
compressive strength by 2.4% and 12.45% at 7- and 28-d, respectively, compared to the control specimens 
(NC 0GP). As for the percentage of 15% substitute, it decreased the compressive strength by 27.5% and 
20.68%, as well as the ratio of 50% substitute, which caused a relatively small decrease in compressive 
strength by 17.75% and 4.16% at 7- and 28-d, respectively. The weak compressive strength when using a 
high content of glass powder is due to the smoothness of the glass particles and thus the lack of cohesion 
between them and the cement paste [26-29]. 


4.3 Findings of Splitting Tensile Strength 

The test was done using the same machine for compressive strength on 150 x 300 mm cylinder 
specimens by placing them horizontally. The effect of different ratios of GP on the splitting tensile 
strength of concrete is shown in Fig. 18. 


m=NCOGP mNC15GP mNC30GP mNC 50GP 


N 


3 o 
N Gg] 
N 
A = 
oO - t+ 
= o te) ai [e] 
= N Q N 
S N co = 
D i 
a = 
s 
n 
Ka 
D 
= 
o 
He 
D 
E 
E 
pos 
(05) 
Results of splitting tensile Results of splitting tensile 
strength at 7-days strength at 28-days 


Figure 18: Findings of splitting tensile strength 


The findings show that the best tensile strength was obtained by using a 30% substitute ratio of 
GP. Compared to the reference specimens, it made the tensile strength go up by 2.5% at 7-d and 
26.54% at 28-d. 
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4.4 Findings of Hardened Density Test 

By observing the findings presented in Fig. 19, we notice a reduction in the weight of concrete with an 
increase in the percentage of GP, where the lowest weight of concrete (2364 Kg/m°) and the highest weight of 
concrete (2332 Kg/m*) were recorded at 7- and 28-d, respectively, using a 50% substitute percentage of GP. 


m=NCOGP mNC15GP sNC30GP NC 50GP 


2405 
2388 
2381 
2364 
2390 
2379 
2354 


Hardened Density (Kg/M3) 
2330 


Results of hardened density at Results of hardened density at 
7-days 28-days 


Figure 19: Findings of hardened density 


Finally, more or less the behavior of adding waste materials to concrete with fresh and hardened 
properties can be found in the literature reports here. 


5 Conclusion 


The following observations were made based on the experimental examination of the usage of WG 
powder as a substitute for fine aggregate in concrete: 


1. All mixes containing GP gave slightly increased slump results compared to the reference mixture but 
still acceptable findings within the design limits (2-5 cm) according to ACI standard 211.1. 

2. Both sand and GP are graded uniformly and per Iraqi standard No. 45/1984. 

3. Due to the low specific weight of glass compared to the specific weight of sand, adding more GP 
causes the weight of the concrete to go down. 

4. Because the specific gravity of the glass cullet is less than that of the granite sand, the hardened 
density is less. 

5. Replacing GP with sand by 30% leads to an increase in the compressive strength by about 2.4% and 
12.45% and the tensile strength by about 2.5% and 26.54% at 7- and 28-d, respectively, compared to 
normal concrete (without GP). 

6. The increase in mechanical properties was probably achieved thanks to the use of fine glass aggregate 
particles, which enhance the aggregate-cement matrix bonding strength, and the use of green glass 
aggregate with a higher Mohs hardness. 

7. Based on the results above, it seems that the increase in mechanical properties of concrete with the 
addition of glass powder is probably resulting from the pozzolanic activity. This will be the subject of 
further research, in which tests for other types of cement, other types of glass waste and its mixes, and 
different contents and the size of the aggregate particle, with particular emphasis on long-term fatigue 
tests, are planned to be conducted. 


JRM, 2023, vol.11, no.6 2939 


6 Recommendations 
The following suggestions may be considered for future work: 


1. Study the effect of GP as a partial substitute for cement. 
2. A study of how using GP as a partial replacement for fine aggregate affects the flexibility of concrete. 
3. Study of higher percentages of GP as a partial substitute for fine aggregates. 
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